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Introduction {#sec1}
============

Sodium ion batteries (SIBs) have been considered as one of the most promising systems to substitute for lithium ion batteries (LIBs) due to the increasing requirement for large-scale energy storage systems, the high abundance, and the economic efficiency of resources. During long-term academic research, industrial SIB prototypes have been created for practical application based on achievements on active materials development and similar fabrication techniques directly transferred from mature LIBs. Compared with the LIB system, however, the energy density and cycling lifetime of SIB system cannot simultaneously satisfy the basic requirements of the market for energy storage systems ([@bib18], [@bib24], [@bib10], [@bib29], [@bib30]). Among the various promising cathode materials, O3-type layer-structured transition metal oxides (TMOs) have achieved huge success because they exhibit competitive performance and a comparable energy density to LIBs via composite and structure optimization. They have the advantage of high energy density resulting from their high operating potential, along with high specific capacity and good compatibility with the anode because of their high initial coulombic efficiency. Their energy density can reach as high as 210 Wh kg^−1^, which can fully meet the requirement for large-scale energy storage systems ([@bib43], [@bib15], [@bib46], [@bib41], [@bib11], [@bib12], [@bib13], [@bib40], [@bib53]). Meanwhile, the mature and industrially feasible techniques to manufacture O3-type layer-structured TMOs have accelerated the progress toward practical application. Taking our group\'s previous work, for example, Mg and Cu element substitution can optimize their environmental stability and alleviate the continuous phase transformation by decreasing the energy barriers of the multiple phase transformations during sodium deintercalation and intercalation processes, and the environmental stability and cycling lifetime have been improved ([@bib10], [@bib11]). The acidic electrolyte ions attack the cathode, however, and the dissolution of the transition metal (TM) elements in the electrolyte leads to the collapse of the crystal structure and capacity fading. Moreover, the dissolved metal ions will contaminate the electrolyte and the solid-electrolyte interphase layer (SEI), which is further deposited on the anode side, to form a vicious circle ([@bib6], [@bib49], [@bib44], [@bib3], [@bib17], [@bib29], [@bib30], [@bib50]). All these comprehensive factors from every section of the battery system will gradually degrade the full-cell system so that it exhibits unsatisfactory performance. Therefore the urgent issue that needs to be solved is how to improve the cycling lifetime of O3-type layer-structured metal oxides, particularly in a full-cell system with non-sodium metal as anode, from the perspective of the whole system rather than from that of individual sections. Herein, surface engineering is employed to modify the interface between the active materials and the electrolyte, further increasing the cycling lifetime of the full-cell system by suppressing the dissolution-migration-deposition (DMD) process. Owing to the strong resistance to the reaction with the electrolyte from the high electronegativity of (PO~4~)^3-^ polyanions with Al^3+^ cations, the surface modification by coating with a stable AlPO~4~ protective thin layer in this work not only can alleviate the crystal structure collapse of the cathode material but also can protect the anode in the full-cell system by inhibiting the DMD process. Meanwhile, this thin protective layer can further improve its environmental stability in the ambient environment ([@bib21], [@bib45], [@bib22], [@bib34]).

Results and Discussion {#sec2}
======================

Morphology and Structure Characterization of C-NMNM {#sec2.1}
---------------------------------------------------

The schematic diagram in [Figure 1](#fig1){ref-type="fig"}A shows the surface modification process on Na\[Li~0.05~Mn~0.50~Ni~0.30~Cu~0.10~Mg~0.05~\]O~2~ (P-NMNM) cathode material. A completely ionized solution consisting of aluminum ions and phosphate anions can be deposited uniformly on the surface of the cathode material particles by a rotary evaporator. Then, the residue is calcined at 400°C for 1 h, and the final air-stable Na\[Li~0.05~Mn~0.50~Ni~0.30~Cu~0.10~Mg~0.05~\]O~2~ coated with a thin layer of AlPO~4~ (C-NMNM) was obtained. The obtained product has an X-ray diffraction (XRD) pattern that indicates the standard same XRD phase of O3-type layer-structured cathode material as the pure material and that AlPO~4~ (indexed to 00-050-0054) was formed on the surface of the pure cathode material in [Figure S1](#mmc1){ref-type="supplementary-material"} in the [Supplemental Information](#mmc1){ref-type="supplementary-material"}. The structure was investigated in further detail by scanning transmission electron microscopy (STEM) assisted by energy-dispersive spectroscopy (EDS), as shown in [Figures 1](#fig1){ref-type="fig"}B--1K and [Figures S2](#mmc1){ref-type="supplementary-material"} and [S3](#mmc1){ref-type="supplementary-material"}. From the composite and phase distribution, as shown in [Figures 1](#fig1){ref-type="fig"}C--1E, [S2](#mmc1){ref-type="supplementary-material"}I, and S2J, it is clearly concluded that there are two phases in the composite with a core-shell structure. The entire bulk is uniformly wrapped by the protection layer. In the individual phase area, different elements, such as Na, Mn, Ni, and Mg, have a uniform distribution in the core phases. In the layer phase, Al and P exhibit a uniform distribution as well. All these results provide strong evidence to confirm that there is a thin layer of homogeneous coating.Figure 1Morphology and Phase of C-NMNM(A) Schematic illustration of the synthetic process for the AlPO~4~ coating on the surface of Na\[Li~0.05~Mn~0.50~Ni~0.30~Cu~0.10~Mg~0.05~\]O~2~.(B) High-angle annular dark field (HAADF)-STEM image.STEM-EDS mapping of crystalline phase: Mixed phase of C-NMNM (C), AlPO~4~ shell phase (D) and core phase of Na\[Li0.05Mn0.50Ni0.30Cu0.10Mg0.05\]O2 (E).(F--K) Element Na (F), Mn (G), Ni (H), Mg (I), Al (J) and P (K) distributions from the edge to the bulk material of C-NMNM.See also [Figures S1--S5](#mmc1){ref-type="supplementary-material"}.

To analyze the composite with the coating layer and the interface between the core materials and the coating layer, high-angle annular dark-field (HAADF)-STEM assisted by electron energy loss spectroscopy (EELS) was utilized at atomic resolution in [Figure S4](#mmc1){ref-type="supplementary-material"}. In [Figures S4](#mmc1){ref-type="supplementary-material"}A and S4B, the obtained C-NMNM retains the layered structure with an \~3-nm uniform coating layer, which was also confirmed by HAADF-STEM-EDS as shown in [Figures S2](#mmc1){ref-type="supplementary-material"} and [S3](#mmc1){ref-type="supplementary-material"}. Owing to the unstable AlPO~4~ under high voltage, the lattice pattern was not seen by STEM. In [Figures S4](#mmc1){ref-type="supplementary-material"}C--S4E, it is seen that the particle of C-NMNM was well crystallized with lattice spacing of 2.56 and 2.44 Å, corresponding to the spacings of the (101) and (012) planes of bulk P-NMNM, which is consistent with the intensity profiles along the bright bands in [Figure S4](#mmc1){ref-type="supplementary-material"}C. After surface modification, the bulk material shows no change, and the Al^3+^ barely diffuses into the bulk material to form a different phase. The Al and P elements are precisely dispersed in the surface area, implying that AlPO~4~ exists as a physically distinct phase attached to the P-NMNM surface, which is consistent with the result of Powder X-ray diffraction (PXRD) ([Figure S1](#mmc1){ref-type="supplementary-material"}) and X-ray photoelectron spectroscopy (XPS) in [Figure S5](#mmc1){ref-type="supplementary-material"}. To understand the core-shell interface of the C-NMNM deeply, EELS characterization and the corresponding spectra were simultaneously obtained on different selected areas of the C-NMNM particle, as shown in [Figures S4](#mmc1){ref-type="supplementary-material"}F and S4G. In [Figure S4](#mmc1){ref-type="supplementary-material"}F, Al-O and P-O bonds are detected in the edge area. After surface modification, the intensity of the Mn and Ni signals showed no obvious shift ([Figure S4](#mmc1){ref-type="supplementary-material"}I), indicating that the coating layer of AlPO~4~ has no effect on the crystal structure of the active material. All these characterizations demonstrate that this approach for modifying the P-NMNM surface yields a continuous surface region without disturbing the layered crystalline structure. These types of thin-layer coating are beneficial to the material stability as well ([@bib6], [@bib42], [@bib45], [@bib44], [@bib17]).

Electrochemical Performance in Half- and Full-Cell Systems {#sec2.2}
----------------------------------------------------------

The electrochemical performances of P-NMNM and C-NMNM were characterized for comparison within the voltage range of 2.0--4.0 V. To clarify the capacity contribution from the AlPO~4~ in the composite for the cathode materials, the charge-discharge curves of the pure AlPO~4~ were measured, and no plateau was observed in the voltage range of 2.0--4.0 V as shown in [Figure S6](#mmc1){ref-type="supplementary-material"}, indicating that the reversible capacity is negligible in the voltage range of 2.0--4.0 V. The electrochemical performances of the P-NMNM and C-NMNM electrodes were measured at the 0.5 and 1 C rates within the potential range from 2.0 to 4.0 V versus Na/Na+, respectively. The charge and discharge profiles of these cathode materials have similar plateaus, as shown in [Figure S7](#mmc1){ref-type="supplementary-material"}. C-NMNM delivers 138 mAh g^−1^ at 0.5 C, whereas P-NMNM achieves 150 mAh g^−1^. At the 1 C rate, these electrodes also show relatively high reversible capacity of 114 and 125 mAh g^−1^, respectively ([Figures 2](#fig2){ref-type="fig"}A and 2B). These results show that surface modification will result in a slight capacity loss. To further study the long-term cycling performance ([Figures 2](#fig2){ref-type="fig"}C and 2D), the C-NMNM electrode was found to retain 87% and 95% of its capacity for 400 cycles at 0.5 C and 1 C, respectively, which was much more stable than P-NMNM (67% and 81%). This indicates that the C-NMNM electrode maintains better structural stability compared with the P-NMNM electrode ([@bib1]). Meanwhile, the coulombic efficiency of C-NMNM over the whole cycling process is above 99.0%, which can meet the requirement for practical application. This significant improvement was mainly attributed to the AlPO~4~ surface segregation, which, to some extent, protects the bulk materials from corrosion by the acidic electrolyte and structural collapse during the phase transformation. To evaluate the overall performance of C-NMNM, a comparison of stability has been made between C-NMNM and other published layered metal oxides in [Figures 2](#fig2){ref-type="fig"}E and 2F. During cycling at the 0.5 C ([Figure 2](#fig2){ref-type="fig"}E) and 1 C rates ([Figure 2](#fig2){ref-type="fig"}F), the capacity retention of C-NMNM is superior to those of the different kinds of P2, O3, and P2/O3-type cathode materials ([@bib46], [@bib5], [@bib26], [@bib15], [@bib51], [@bib8], [@bib17], [@bib46], [@bib33], [@bib41], [@bib13], [@bib20], [@bib39]). It is concluded that the cycling lifespan can be dramatically optimized after surface modification.Figure 2Electrochemical Performance of the P-NMNM and C-NMNM Electrodes(A and B) The charge/discharge profiles (A) at the 0.5 C rate and (B) at the 1 C rate.(C and D) Long-term cycle life and coulombic efficiency for 400 cycles at 0.5 C (C) and 1 C (D).(E and F) Comparison of the capacity retention of C-NMNM electrodes against other cathode materials (E) at the 0.5 C rate11, 18, 23-27, and (F) at the 1 C rate5, 7-9 28, 29.See also [Figures S6](#mmc1){ref-type="supplementary-material"} and [S7](#mmc1){ref-type="supplementary-material"}.

To demonstrate the effects of the surface modification in a practical SIB, the full-cell system was assembled by coupling C-NMNM as the cathode material and hard carbon as the anode material ([Figure S8](#mmc1){ref-type="supplementary-material"}). The detailed experimental information is similar to our previous work (Jianqiu, Wen-Bin et al. 2018). As shown in [Figure 3](#fig3){ref-type="fig"}A, the full-cell system was activated and operated at 0.1 C in the voltage window of 1.01--4.19 V. It had a high reversible efficiency, up to 70.6%, which means that there is an enormous store of cyclable sodium ions in the full-cell system after SEI formation on the anode. The full cells exhibited good cycling performance at 1 C over 200 cycles and had coulombic efficiency beyond 99% ([Figure 3](#fig3){ref-type="fig"}C). Moreover, the energy density of the full cell was as high as 210 Wh kg^−1^, calculated on the basis of the total cathode and anode mass, which was roughly consistent with the result for a P-NMNM//hard carbon system ([Figure 3](#fig3){ref-type="fig"}B) ([@bib15], [@bib16], [@bib25], [@bib38], [@bib52], [@bib2], [@bib47], [@bib48], [@bib10], [@bib11], [@bib28]). To further investigate the kinetics of the electrode materials, the apparent activation energies ([Figure 3](#fig3){ref-type="fig"}D) of the two electrodes were calculated from the electrochemical impedance spectra, as shown in [Figure S9](#mmc1){ref-type="supplementary-material"} ([@bib31]), which shows the Nyquist curves of the electrodes at a cathodic potential of 2.55 V versus Na/Na^+^. [Figure 3](#fig3){ref-type="fig"}E shows the Arrhenius plots of log i0 as a function of 1,000T^−1^. The reaction associated with 2.55 V is mainly contributed by the sodium ion insertion process into the cathode component. The activation energies (E~a~ = -RK ln 10, where K = the slope of the fitting line) in [Figure 3](#fig3){ref-type="fig"}E of P-NMNM and C-NMNM were calculated to be 50.4 and 36.2 kJ mol^−1^, respectively. Therefore, the excellent performance of C-NMNM, especially the cycling performance, can be mainly attributed to the lower ion apparent activation energy. In particular, the surface modification was designed to avoid destroying the crystal structure that gives rise to high ionic conductivity.Figure 3Electrochemical Performance in Full-Cell and Activation Energy after Surface Modification(A) Charge and discharge curves for the full cell at different current densities.(B) Comparison of the energy density of our full cell with reported sodium-ion full-cell systems.(C) Cycling performance at 0.5 C of the full-cell system coupling C-NMNM as the cathode material and pristine hard carbon as the anode material.(D) Schematic illustration of the activation energy of sodium ion transfer before and after the AlPO~4~ coating was applied on the P-NMNM.(E) Arrhenius plots showing the activation energy of the first discharge processes at a cathodic potential of 2.55 V versus Na/Na+.See also [Figures S8](#mmc1){ref-type="supplementary-material"} and [S9](#mmc1){ref-type="supplementary-material"}.

Mechanism of Enhanced Stability of the C-NMNM {#sec2.3}
---------------------------------------------

To monitor the phase transformation and interface in detail, *in situ* synchrotron technique and HAADF-STEM were employed on the materials after 200 cycles in the full-cell system as shown in [Figure 4](#fig4){ref-type="fig"} and [S10](#mmc1){ref-type="supplementary-material"}. In the case of P-NMNM, there is an obvious phase transformation between different structures, and some TM ions near the surface of the particle migrate into the Na layer, forming a spinel phase with Na+ occupying the tetrahedral sites, as shown in [Figures 4](#fig4){ref-type="fig"}A, 4B, and [S11](#mmc1){ref-type="supplementary-material"}. The corresponding fast Fourier transform (FFT) results further confirm the change from the bulk (red) to the edge (blue) area with different lattice fringes and electronic diffraction spots, as shown in [Figures 4](#fig4){ref-type="fig"}B--4D. The sodium and other TM ordering is mainly preserved in the P-NMNM bulk after long cycling, whereas a fraction of cations migrate between the octahedral sites to the tetrahedral interstices in the surface. All the information obtained from C-NMNM, however, was completely different, as shown in [Figures 4](#fig4){ref-type="fig"}E--4H. The degree of phase transformation from the *in situ* synchrotron results was decreased after surface modification, whereas the surface crystal structure of C-NMNM after 200 cycles could still maintain the layered structure, which is consistent with the pristine state. The corresponding FFT from the bulk (red) to the edge (blue) area in [Figure 4](#fig4){ref-type="fig"}F shows the same pattern. All the above comparative results indicate that thin-layer AlPO~4~ surface modification can efficiently protect the surface crystal structure during long-term cycling to alleviate the degree of phase transformation. This improvement is beneficial for cycling lifespan enhancement as well.Figure 4The Structure Evolution of P-NMNM and C-NMNM after Long-Term Cycle(A) *In situ* synchrotron XRD patterns of P-NMNM during the 201^st^ cycle.(B) The detailed HAADF-STEM image of P-NMNM particle after 200 cycles (C) The corresponding Fast Fourier transform (FFT) of the edge area of the particle (the blue box in B). (D) The corresponding Fast Fourier transform (FFT) of the bulk area of the particle (the red box in B).(E) *In situ* synchrotron XRD patterns of C-NMNM during the 201^st^ cycle.(F) The detailed HAADF-STEM image of C-NMNM particle after 200 cycles. (G) The corresponding Fast Fourier transform (FFT) of the edge area of the particle (the red box in F). (H) The corresponding Fast Fourier transform (FFT) of the bulk area of the particle (the grey box in F).See also [Figures S10](#mmc1){ref-type="supplementary-material"} and [S11](#mmc1){ref-type="supplementary-material"}.

To further explore the valence states, the electronic states for oxygen and TMs were collected by STEM-EELS at different positions from the bulk to the surface, as shown in the atomic-resolution STEM image in [Figures 5](#fig5){ref-type="fig"}A--5F. Each spectrum was averaged from an area with five rows of atomic columns to improve signal-to-noise ratios. In the case of P-NMNM, as shown in [Figures 5](#fig5){ref-type="fig"}A--5C, the pre-peak starts to decrease from the bulk to the surface. The content of O is lower in the surface than in the bulk, implying that oxygen vacancies have been formed within 5--10 nm of the surface. The reduced ratio of the O-K-edge pre-peak intensities to the main peak and the gradually decreased pre-peak indicates a change in the local oxygen environment, especially from the oxygen vacancies formed on the surface. It was claimed that oxygen was being released from the lattice and reacting with the electrolyte solvents through exothermic reactions ([@bib37], [@bib32], [@bib9]). In [Figure 5](#fig5){ref-type="fig"}B, the Mn L3 edge at the surface represents a lower energy loss compared with that of the bulk, which indicates a decrease in the oxidation state at the surface. Reduction of the transition-metal ions occurs together with migration of the transition-metal ions from the metal layer to the sodium interlayer through empty tetrahedral sites, thus causing a structural transformation from layered two-dimensional to spinel three-dimensional ([@bib14], [@bib36]). A higher oxidation state in the bulk is also indicated by the higher O pre-peak intensity observed in the bulk, whereas the spinel oxidation state is indicated in the surface area. As shown in [Figure 5](#fig5){ref-type="fig"}D--5F, unlike the case of P-NMNM, it is observed that the reduced O pre-peak can be even seen at 15 nm for the C-NMNM sample, and there is no obvious change. The intensities of the O pre-peak and the main peak show no obvious change as well, implying that the active material is free from electrolyte corrosion and keeps its structure intact under the protection of the AlPO~4~ ([@bib19], [@bib23]). The Mn peak in the EELS spectrum of C-NMNM stays the same, showing that Mn ions are barely reduced during cycling. The intensity ratio of Mn L3/L2 in [Figures 5](#fig5){ref-type="fig"}C and 5F provides information on the Mn valence (oxidation) ([@bib7], [@bib27]). The trends for cycled C-NMNM show that the oxidation state of Mn stays constant over the whole selected area, whereas the ratio for cycled P-NMNM is higher in the surface area. This indicates a lower oxidation state of Mn (Mn^3+^ and Mn^2+^) on the P-NMNM particle surface. These ions are easily dissolved in the electrolyte, leading to the collapse of the layered structure and the loss of active material. XPS was also used to examine surface changes at the cathode as a result of electrochemical cycling. Comparative studies of Mn 2p spectra before and after cycling confirm the Mn oxidation state in the surface of C-NMNM, as shown in [Figure S12](#mmc1){ref-type="supplementary-material"} ([@bib49], [@bib37], [@bib4]). To investigate the migration behavior of dissolved ions, scanning electron microscopy-EDS mapping of the hard carbon anode and the separator were conducted, as shown in [Figure 5](#fig5){ref-type="fig"}G, 5H, and [S13](#mmc1){ref-type="supplementary-material"}, at a low magnification of 40 μm. In the case of the cell fabricated with C-NMNM, the Mn element was only slightly dissolved in the electrolyte, and there was no signal indicating deposition on the surface of the hard carbon anode, whereas there is a strong Mn signal on the hard carbon surface in the P-NMNM//hard carbon system. Meanwhile, the Mg element is also present in the electrolyte, which can be detected on the separator ([Figure S14](#mmc1){ref-type="supplementary-material"}) ([@bib42], [@bib49], [@bib35], [@bib50]). All of this unexpected behavior will pollute the battery system. Taking the internal resistance as an example, as shown in [Figure S15](#mmc1){ref-type="supplementary-material"}, on comparing with the results for C-NMNM, the charge transfer resistance (R~ct~) of P-NMNM shows an increasing trend during cycling. Based on the above results, it is concluded that this surface engineering technique can efficiently stabilize the cathode surface to suppress the DMD process. Meanwhile, it can protect the whole battery system from unexpected contamination so as to increase the cycling lifespan.Figure 5Composition of Surface versus Bulk for P-NMNM (Top Row and G), and C-NMNM (Second Row from the Top and H)(A and D) STEM images of (A) P-NMNM and (D) C-NMNM.Series of EELS spectra from the surface to the bulk of P-NMNM (B) and C-NMNM (E), corresponding to the HAADF images in (A) and (D).L3/L2 ratios corresponding to Mn of P-NMNM (C) and C-NMNM (F), showing the decrease in oxidation state for Mn closer to the surface. The surface element distibution of Hard carbon anode coupled separately with P-NMNM (G) and C-NMNM (H).See also [Figures S12--S15](#mmc1){ref-type="supplementary-material"}.

In conclusion, the cathode TM elements near the surface dissolve, migrate, and are thus deposited on the hard carbon anode during long-term cycling. This not only can damage the surface crystal structure of the cathode material but also increases the cell resistance by contamination of the SEI layer during long-term cycling. In this work, surface engineering, by coating with a stable AlPO~4~ thin layer, can efficiently suppress the DMD process by stabilizing the interface structure between the cathode and the electrolyte, particularly in a full-cell system. With the benefits of this surface protection engineering, the cathode can show 95% capacity retention after 400 cycles at 1 C. When coupled with hard carbon as anode, the full battery system can maintain 78% of the original value after 200 cycles at 1 C. This technique will lead to advanced SIBs that can meet the requirements for large-scale renewable energy storage, as well as inspire the development of a wide range of different electrode materials.

Limitations of the Study {#sec2.4}
------------------------

Although the coating layer can protect hard carbon anode, other types are not tested in this work, such as MoS~2~. Meanwhile, the cathode material in this work should be air and water stable.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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